ABSTRACT: Membrane model systems consisting of phosphatidylcholines and hydrophobic R-helical peptides with tryptophan flanking residues, a characteristic motif for transmembrane protein segments, were used to investigate the contribution of tryptophans to peptide-lipid interactions. Peptides of different lengths and with the flanking tryptophans at different positions in the sequence were incorporated in relatively thick or thin lipid bilayers. The organization of the systems was assessed by NMR methods and by hydrogen/deuterium exchange in combination with mass spectrometry. Previously, it was found that relatively short peptides induce nonlamellar phases and that relatively long analogues order the lipid acyl chains in response to peptide-bilayer mismatch. Here it is shown that these effects do not correlate with the total hydrophobic peptide length, but instead with the length of the stretch between the flanking tryptophan residues. The tryptophan indole ring was consistently found to be positioned near the lipid carbonyl moieties, regardless of the peptide-lipid combination, as indicated by magic angle spinning NMR measurements. These observations suggest that the lipid adaptations are not primarily directed to avoid a peptide-lipid hydrophobic mismatch, but instead to prevent displacement of the tryptophan side chains from the polar-apolar interface. In contrast, long lysine-flanked analogues fully associate with a bilayer without significant lipid adaptations, and hydrogen/deuterium exchange experiments indicate that this is achieved by simply exposing more (hydrophobic) residues to the lipid headgroup region. The results highlight the specific properties that are imposed on transmembrane protein segments by flanking tryptophan residues.
ABSTRACT: Membrane model systems consisting of phosphatidylcholines and hydrophobic R-helical peptides with tryptophan flanking residues, a characteristic motif for transmembrane protein segments, were used to investigate the contribution of tryptophans to peptide-lipid interactions. Peptides of different lengths and with the flanking tryptophans at different positions in the sequence were incorporated in relatively thick or thin lipid bilayers. The organization of the systems was assessed by NMR methods and by hydrogen/deuterium exchange in combination with mass spectrometry. Previously, it was found that relatively short peptides induce nonlamellar phases and that relatively long analogues order the lipid acyl chains in response to peptide-bilayer mismatch. Here it is shown that these effects do not correlate with the total hydrophobic peptide length, but instead with the length of the stretch between the flanking tryptophan residues. The tryptophan indole ring was consistently found to be positioned near the lipid carbonyl moieties, regardless of the peptide-lipid combination, as indicated by magic angle spinning NMR measurements. These observations suggest that the lipid adaptations are not primarily directed to avoid a peptide-lipid hydrophobic mismatch, but instead to prevent displacement of the tryptophan side chains from the polar-apolar interface. In contrast, long lysine-flanked analogues fully associate with a bilayer without significant lipid adaptations, and hydrogen/deuterium exchange experiments indicate that this is achieved by simply exposing more (hydrophobic) residues to the lipid headgroup region. The results highlight the specific properties that are imposed on transmembrane protein segments by flanking tryptophan residues.
Three-dimensional structures of integral membrane proteins generally show distinct belts of aromatic and charged residues on both sides of the membrane-spanning segments (1) (2) (3) (4) (5) . In line with this observation, analyses of protein sequence data indicate that the predominantly hydrophobic stretches of ∼20 hydrophobic residues that represent putative transmembrane helices are preferentially flanked by aromatic and charged residues (6, 7) . It is estimated that in membranes, the hydrophobic stretch is approximately aligned with the lipid acyl chains, and it has been proposed that it is energetically favorable for a membrane system to experience such a match between peptide hydrophobic length and bilayer hydrophobic thickness. Consequently, a tendency to avoid hydrophobic mismatch situations could play a role in membrane organization (8) (9) (10) . However, it has also been postulated that the flanking aromatic and charged residues, which are estimated to be in contact with the lipid carbonyl and headgroup regions, have a specific affinity for the membrane-water interface. Hence, a need to avoid exposure of these residues to either too hydrophobic or too polar bilayer regions could also contribute to peptide/lipid interactions (11) (12) (13) (14) .
Model membrane systems consisting of phospholipids and synthetic transmembrane peptides have been used extensively to address the relationship between hydrophobic matching and membrane organization (9, (15) (16) (17) (18) (19) . We have shown previously that polyleucine-alanine peptides that are flanked on both sides by tryptophan residues can significantly influence the organization of phosphatidylcholine model membranes when the peptides are relatively long or short with respect to bilayer hydrophobic thickness (9, (20) (21) (22) (23) . However, because the Trp residues of the studied peptides are positioned at or near the termini of the peptides, hydrophobic mismatch also implies that these residues become exposed to a different interfacial environment. As a result, the observed membrane response to the incorporation of relatively short or long peptides could be driven not only by a tendency to avoid hydrophobic mismatch situations but also by a tendency of the flanking residues to avoid displacement from specific interfacial sites.
In the present study, we chose to investigate the extent to which a preference of Trp side chains for localization at the lipid-water interface can influence mismatch effects. For this purpose, peptides with flanking Trp residues at different positions in the peptide sequence were synthesized and were incorporated in phosphatidylcholine bilayers. The influence of these variations in peptide sequence was studied under conditions of both positive and negative mismatch. In addition, the locations of Trp residues within the lipid bilayer were investigated for peptides of various lengths. The results indicate that the membrane rearrangements induced by Trpflanked peptides are driven by the propensity to position the Trp residues at a well-defined preferred interfacial location, and not primarily by a tendency to avoid hydrophobic mismatch. Such behavior was not observed for Lys-flanked peptides, which were included in this study for comparison. The results give experimental support to the concept that Trp residues can act as interfacial membrane anchors and that interfacial interactions can contribute significantly to membrane organization.
MATERIALS AND METHODS

Materials
All phospholipids were purchased from Avanti Polar Lipids Inc. (Birmingham, AL). WALP 1 and KALP peptides were synthesized and analyzed by analytical HPLC and electrospray mass spectrometry as described previously (22, 24) . Peptide purity was found to be >90% according to analytical HPLC. The identity of the peptides was confirmed by electrospray mass spectrometry.
Methods
Sample Preparation. WALP peptides were quantified by the absorbance of tryptophan at 280 nm (using a molar extinction coefficient of 5600 M -1 cm -1 for each Trp residue) and KALP analogues by their dry weight. Unless stated otherwise, samples were prepared in the following manner. Peptides were dissolved in 10 µL of trifluoroacetic acid/mg of peptide and, after evaporation of the solvent by a stream of nitrogen, were redissolved in 1 mL of trifluoroethanol, followed by drying in a rotary evaporator. This step was repeated once. Next, the peptides were dissolved in 0.5 mL of trifluoroethanol and added to 0.5 mL of a lipid suspension in distilled water, at temperatures above the gel to liquid crystalline phase transition, followed by addition of 10 mL of water and immediate lyophilization. Lipid-peptide mixtures were hydrated in buffer [100 mM NaCl and 25 mM Tris (pH 7.4)] or in distilled water and were subsequently centrifuged (30000g, 15 min, 4°C), and the supernatant was removed. Pellets were washed if the pH of the supernatant was <6. Next, the pellets were resuspended in 200 µL of buffer or distilled water and subjected to 10 freeze-thaw cycles to equilibrate the sample.
Circular Dichroism Spectroscopy. Peptide-lipid mixtures with a 1:30 peptide/lipid molar ratio (containing 7.5 µmol of lipid) were prepared as described above and were hydrated in 1 mL of buffer. The samples was then sonicated (5 min, 50% duty cycle, input power of 40 W, Branson 250 tip sonicator). To pellet down titanium particles and any residual multilamellar lipid structures, the sonicated sample was next centrifuged (30000g, 15 min, 4°C). CD measurements were carried out on a Jasco J-600 spectropolarimeter as described previously (22, 25) . CD spectra of sonicated vesicles in excess water were obtained to assess the helicity of the peptide, and spectra of oriented peptide-lipid films were used to confirm a transmembrane peptide topology. CD spectra of pure peptides in water were recorded (22, 25) and confirmed that only the peptide population that is bilayerincorporated contributed to the CD signal.
31
P Nuclear Magnetic Resonance Measurements. Samples with a 1:10 peptide/lipid molar ratio (containing 20 µmol of lipid), hydrated in 1.5 mL of buffer, were measured on a Bruker MSL300 NMR spectrometer. The sample temperature was regulated at 30°C using a Bruker B-VT1000 temperature controller. Proton-decoupled experiments were carried out at 121.5 MHz (17 µs 90°pulse, 1.3 s interpulse time, gated proton-noise decoupling). Approximately 15000 scans were acquired, and a sweep width of 25 kHz and 1024 complex data points were used. Prior to Fourier transformation, an exponential multiplication was applied, resulting in a 100 Hz line broadening. The chemical shift was referenced to a sample with isotropically moving PC molecules. All spectra were scaled to the same height.
2 H Nuclear Magnetic Resonance Measurements and Analysis. Spectra of samples containing peptide and 15 µmol of sn-2 perdeuterated 14:0-PC at a 1:30 molar ratio, hydrated in 1 mL of deuterium-depleted water, were recorded on a Varian Unity400+ NMR spectrometer, using a broadband probe with a 10 mm solenoidal sample coil. 2 H NMR measurements were performed at 61.4 MHz and at 34°C as previously described (25) , and resulting unsymmetrized 2 H NMR powder spectra were analyzed by the dePakeing procedure (20) . This procedure results in spectra that would be obtained for an aligned membrane with its bilayer normal parallel to the magnetic field and enhances the resolution of the spectral doublets with splittings ∆ν Q that relate to the segmental order parameter S(i). Order parameter profiles were obtained by assuming that the segmental order varies monotonically along the acyl chain from the C 3 D 2 to the C 14 D 3 moiety. From the average order parameter, the effective length of the acyl chains was estimated and extrapolated to the hydrophobic bilayer thickness as de-1 Abbreviations: CD, circular dichroism; NMR, nuclear magnetic resonance; MAS, magic angle spinning; MS, mass spectrometry; H/D, hydrogen/deuterium; ESI, electrospray ionization; Etn, ethanolamine; Ac, acetyl; Tris, tris(hydroxymethyl)aminomethane; WALP, tryptophanalanine-leucine peptide; KALP, lysine-alanine-leucine peptide; PC, phosphatidylcholine; 14:0-PC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; 18:1 c-PC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; LR, liquid crystalline bilayer phase; I, isotropic phase; HII, inverse hexagonal phase. scribed previously (20) . Such an extrapolation implies that the average order parameter is directly correlated to the hydrophobic bilayer thickness. It should be noted that this assumption is not supported, however, by X-ray studies carried out on oriented WALP/PC systems at lower water content (26) . Nevertheless, the 2 H NMR-derived average order parameter is a very sensitive indicator of peptideinduced acyl chain ordering, and estimated effects on bilayer thickness are a useful parameter to compare the influence of the different peptides.
1 H Magic Angle Spinning Nuclear Magnetic Resonance Measurements. Samples were prepared by mixing peptide in trifluoroethanol and lipid in methanol, followed by drying in a rotary evaporator and under high vacuum. The dried lipid-peptide films with a 1:10 peptide/lipid molar ratio (containing 30 µmol of lipid) were hydrated in 1.5 mL of D 2 O, vigorously vortexed, and subjected to 10 freeze-thaw cycles to equilibrate the sample. The resulting liposome suspensions were centrifuged (30000g, 15 min), after which excess D 2 O was removed. Approximately 10 µmol of the lipid dispersion was transferred to a 4-mm rotor, and 1 H MAS NMR spectra were subsequently recorded on a Bruker Avance 400 spectrometer equipped with an HX Bruker probe. Measurements were carried out at 400.13 MHz, with a 5 µs 90°pulse and a 2.0 s interpulse time. Typically, 1024 scans were acquired at 34°C, using a sweep width of 50 kHz and 16384 complex data points, while the sample rotation speed was maintained at 3 kHz. No line broadening was applied prior to Fourier transformation. For the first sample measured, the water resonance was set to 4.50 ppm, and in subsequent measurements recalibration of the chemical shift was not required. Resonances were assigned according to ref 27. Hydrogen/Deuterium Exchange and Mass Spectrometry. Sample preparation and measurements were performed as described previously (28, 29) . Peptide solutions in trifluoroethanol (1 mL, 0.46 mM) were added to 14:0-PC solutions in methanol (1 mL, 12 mM) and vigorously vortexed. The solvent was removed by evaporation in a rotavapor, and the mixed films were then dried for 24 h under high vacuum. The films were hydrated in 0.5 mL of 10 mM ammonium acetate buffer (pH 7.5). Large unilamellar vesicles were prepared by extrusion through a 400-nm filter at room temperature and kept at 4°C until use. Before the start of H/D exchange, the vesicles were preincubated at 30°C for at least 30 min. For accurate comparison of the exchange data, vesicle suspensions with different peptide compositions were mixed prior to the start of the exchange. Suspensions were then 50 times diluted in deuterated ammonium acetate buffer at 30°C (10 mM, pH 7.5), containing ∼1 mM NaI. At selected time points, 2 µL of this diluted suspension was transferred into a gold-coated glass capillary and the measurement was started as quickly as possible, whereby different peptides were analyzed simultaneously. MS measurements were performed on a Q-Tof ESI instrument (Micromass Ltd., Manchester, U.K.) or on an LCT ESI instrument (Micromass Ltd.), both operating in positive ion mode and equipped with a Z-spray nano-ESI source. The potential between the nano-ESI capillary and the orifice of the mass spectrometer was typically set to 1800 V, and the cone voltage was 140 V. The nanospray needle was constantly kept at ∼30°C. Increases in deuterium content (in daltons) were calculated by using the average mass-tocharge (m/z) values of the isotope clusters of the undeuterated peptides and of the partly deuterated peptides.
RESULTS
Lipid Bilayer Perturbations by RelatiVely Short TrpFlanked Peptides.
Incorporation of relatively short transmembrane peptides, flanked by aromatic or charged residues, into PC lipid complexes may lead to the formation of nonlamellar phases, which can be readily identified by 31 P NMR (21, 22, 25) . As illustrated in Figure 1 , pure 18:1 c -PC gives a spectrum with a low field shoulder and a high field peak, typical for the preferred planar bilayer organization of this lipid in the liquid-crystalline (L R ) phase (30, 31) . 31 P NMR spectra of 18:1 c -PC are clearly modulated by the presence of relatively short WALP peptides (Figure 1 ). To investigate whether it is the total length of these hydrophobic peptides or, alternatively, the inter-tryptophan distance that primarily determines which lipid phase will form, we investigated the effects of W 2 in ALP16 and W 2 out ALP16. These two analogues have the same number of hydrophobic residues as WALP16, but have fewer tryptophans and differ in the relative positions of the flanking Trp residues ( Table  1) . As shown in Figure 1 , the W 2 in ALP16 peptide induces an H II phase in 18:1 c -PC, as characterized by the spectral component with inverted asymmetry and a 2-fold reduced chemical shift anisotropy compared to the L R spectrum (30, 31) . However, the W 2 out ALP16 peptide gives rise to an isotropic signal (I), which most likely represents a cubic lipid phase (21, 25) . W 2 in ALP16 thus behaves in a fashion similar to that of WALP16, whereas W 2 out ALP16 resembles the behavior of longer WALP peptides such as WALP17 and WALP19 (21) . Because the preference for a specific nonlamellar phase is believed to reflect the difference in minimal hydrophobic thickness for each of these phases (21), these results demonstrate that the hydrophobic matching criterium, or effective peptide length, for WALP analogues in relatively thick lipid bilayers is the distance between the innermost flanking Trp residues.
Lipid Bilayer Perturbations by RelatiVely Long TrpFlanked Peptides. Under positive mismatch conditions, lipid bilayers respond to incorporation of (relatively long) WALP peptides by slightly ordering the lipid acyl chains (20) . To investigate whether in this case it is the total length of these hydrophobic peptides or the inter-tryptophan distance that determines the extent of lipid chain ordering, we compared the effect of WALP16 with that of WALP 16 26, a Trp-flanked peptide of 26 hydrophobic residues with the flanking residues at a position similar to that in the shorter WALP16 analogue (see Table 1 ). WALP 16 26 was incorporated at a 1:30 peptide/ lipid molar ratio into bilayers of 14:0-PC with perdeuterated sn-2 chains, and the effect of the peptide on 14:0-PC acyl chain order was characterized by 2 H NMR. Figure 2A shows that relative to the 2 H NMR spectrum of pure 14:0-PC (spectrum a), incorporation of WALP 16 26 (spectrum b) increases the quadrupolar splittings for the central methyl and the outer methylene peaks, indicating that the peptide increases lipid acyl chain order. Comparison with the previously obtained spectra in the presence of WALP16 and WALP23 (spectra c and d) indicates that the acyl chain ordering effect of WALP 16 26 is similar to the effect of WALP16 and significantly smaller than that of WALP23. This is not due to a different extent of incorporation, because CD spectra of WALP 16 26 are indicative of a fully associated transmembrane R-helix (data not shown), as previously demonstrated for other peptide-14:0-PC systems described in this study (21, 22, 25) . The effects on bilayer thickness were estimated as described under Methods, with the results given in Table 2 . On the basis of these calculations, the WALP Because the 14:0-PC lipids are short, they maintain a bilayer organization in the presence of the WALP peptides, as was confirmed by 31 P NMR measurements (data not shown). As shown in Figure 4 , incorporation of WALP16, WALP19, or WALP23 results in significant upfield chemical shift changes relative to pure 14:0-PC, especially for the resonances corresponding to the lipid acyl chain and to the majority of the choline protons. These effects seem to increase with the length of the peptides. In contrast, a Lys-flanked KALP23 analogue (see Table 1 ) induces significant chemical shift changes of only the acyl chain peaks, which cannot result from aromatic ring current effects and apparently reflect a general effect on the average chain conformation due to the presence of a transmembrane polyleucine-alanine helix. Thus, in the presence of all three WALP analogues, large Trp-specific effects are observed on the C 2 H 2 and C 3 H 2 methylenes and on the CH 2 ( ) and N(CH 3 ) 3 protons of the choline group, indicating that these moieties are in close proximity to the indole rings. Given that the glycerol group links the upper acyl chain segments a It is assumed that each amino acid has a length of 1.5 Å. c Measurements were performed at 34°C, 10°C above the main phase transition temperature of the pure 14:0-PC. The estimated experimental precision in hydrophobic thickness is (0.1 Å.
with the choline moiety, the absence in all samples of large chemical shift changes of the sn-protons is counterintuitive, but from a more detailed analysis of ring current effects it follows that this perturbation pattern is consistent with a location of the Trp side chains between the upper acyl chain and choline moieties, that is, near the lipid carbonyl groups (see Discussion).
Comparison with Lys-Flanked Peptides. To gain insight into the extent to which the properties of Trp residues specifically influence peptide-bilayer interactions, we have studied analogous peptides that are flanked by residues other than Trp. Our previous observation that WALP23 causes a larger increase in the apparent thickness of 14:0-PC bilayers than KALP23 (1.0 versus 0.2 Å) suggests that Trp-flanked peptides tend to avoid a positive hydrophobic mismatch with the bilayer, whereas Lys-flanked analogues do not (22, 25) . However, it is possible that KALP23, due to different properties of its flanking residues, experiences only a very small and perhaps not even significant effective positive mismatch (22) . Therefore, in the present study, the effect of the considerably longer KALP31 (Table 1) was investigated. This peptide, which has previously been shown to associate completely with 14:0-PC as a transmembrane R-helix (23, 33) , was incorporated in bilayers of sn-2 perdeuterated 14: 0-PC. As shown in Figure 2B , 2 H NMR spectra in the absence and presence of KALP31 are rather similar, and order parameter analysis indicates that KALP31 causes an increase of only ∼0.3 Å in the hydrophobic bilayer thickness (Table 2) . Thus, although KALP31 has a hydrophobic stretch that is clearly too long to span the bilayer, it has a very similar effect on 14:0-PC bilayers as the substantially shorter KALP23.
Interfacial interactions of transmembrane peptides can also be investigated by analyzing the extent of their exposure to the aqueous phase. We have shown previously that mass spectrometry (MS) in combination with hydrogen/deuterium (H/D) exchange allows for determination of the positiondependent kinetics of deuterium exchange of transmembrane peptides after dilution of unilamellar vesicles into deuterated buffer (28, 29) . Figure 5 presents a mass spectrum from simultaneously incubated and analyzed vesicles of WALP23/ 14:0-PC and KALP23/14:0-PC. The expanded spectra display the isotope envelopes of the [M + Na] + ions of nondeuterated WALP23 and KALP23 (inset A), as well as those of the peptides after 2 min of exposure of the vesicles to deuterated buffer (inset B). The shifts in masses of the analogues indicate that within this short time interval, during which only the parts of a peptide that are exposed to the interface or the aqueous solution participate in H/D exchange, KALP23 takes up 19 deuterium atoms, whereas WALP23 takes up only 9 deuterium atoms. In similar experiments, the deuterium content of KALP31 was determined at different time intervals and compared with data from KALP23 and WALP23. Exchange data are presented in Figure 6 as the number of protected hydrogens, because the numbers of exchangeable hydrogens are different for Trp and Lys side chains (1 and 2, respectively). All three peptides undergo a fast initial H/D exchange within the first few minutes after dilution, after which time the rate of exchange levels off and the number of protected exchangeable hydrogens appears to stabilize in the order WALP23 > KALP31 > KALP23. However, a very slow exchange continues ( Figure 6, inset) , which is fastest for KALP31. As listed in Table 3 , after 3 days, only 8 labile hydrogens of the KALP31 analogue are protected against exchange, a value that is similar to that observed for KALP23 and WALP16 but considerably less than the 14 protected hydrogens of WALP23. It should be noted that the exchange characteristics of WALP 16 26 are also similar to those of WALP16 and not to longer WALP analogues (28, 29) . The fraction of the central Leu-Ala stretch that is protected against H/D exchange thus clearly increases with the intertryptophan distance within the Trp-flanked analogues, but appears to be independent of the length of the inter-lysine distance within the Lys-flanked peptides.
DISCUSSION
Hydrophobic Matching and Interfacial Anchoring. It has been documented extensively that the extent of peptide/ bilayer hydrophobic matching influences membrane organization (e.g., refs 9 and 15-19) . The design of the particular model peptides used, however, often renders it difficult to assess the importance of interfacial interactions between lipids and flanking residues. We have investigated, therefore, whether the interfacial interactions of Trp side chains are sufficiently large to dominate the effects induced by hydrophobic mismatch alone.
For two relatively short peptides, W 2 in ALP16 and W 2 out -ALP16, the effects on lipid organization demonstrate that the inter-tryptophan distance is more important than the total hydrophobic length (see Figure 1) . Interestingly, W 2 in ALP16 induces the same lipid phase modulations as WALP16, whereas W 2 out ALP16 behaves as if it is effectively longer. This suggests that under negative mismatch conditions the inner Trp residues determine the effective hydrophobic length of a peptide.
Also under conditions of positive mismatch, lipid adaptations are sensitive to the positions of the Trp residues rather than to the overall hydrophobic length, as was demonstrated by the similarity of the effects of WALP16 and WALP 16 26 ( Table 2 ). These latter data are in agreement with mass spectrometric data, which suggested that both peptides have the same number of stably protected hydrogens in the transmembrane region (29) . In contrast to the situation in the case of negative mismatch, mass spectrometric measurements indicate that in the case of positive mismatch the outer Trp residues in WALP peptides determine their effective protected lengths. This is based on the extent of exposure of backbone hydrogens to the aqueous environment (28) . These observations can be rationalized if the Trp side chains were acting as interfacial anchors, preferring to be located within a rather narrow positional range at the membranewater interface. The indole rings resist displacement in either direction, whether to a deeper or shallower membrane location. For an energetically favorable interaction between Trp-flanked peptides and PC bilayers, it is more important to achieve "interfacial matching" than hydrophobic matching.
Preferred Membrane Position of Trp Indole Rings. Additional support for a specific interfacial localization of Trp indole rings comes from the 1 H MAS NMR data. The diamagnetic current in aromatic ring systems, induced by the magnetic field, causes upfield displacements of the chemical shifts of protons located up to ∼5 Å above and below the ring, but downfield displacements for protons next to the ring (e.g., refs 32 and 34). The chemical shifts observed for 14:0-PC protons in the presence of the Lys-flanked KALP23 analogue demonstrate that the mere presence of a transmembrane peptide also causes upfield chemical shift changes for almost all of the lipid resonances, primarily those corresponding to the acyl chains (Figure 4 ). This effect cannot be due to aromatic ring currents and apparently reflects a general sensitivity of the lipid protons to the proximity of amino acid side chains, which is perhaps related to peptide-induced ordering of the bilayer. When the chemical shift changes induced by the WALP analogues are compared relative to those induced by KALP23, it is evident that the C 3 H 2 and C 2 H 2 chain methylene and CH 2 ( ) and N(CH 3 ) 3 headgroup protons are subject to large upfield Trpspecific changes. In contrast, downfield Trp-specific changes are apparent for the sn-3 glycerol proton (and in the case of WALP16 also for the sn-1 and sn-2 protons), and for WALP16 this displacement is downfield even relative to the chemical shift value of the sn-3 proton in a peptide-free 14:0-PC bilayer (Figure 4 ). This suggests an opposite ring current effect as observed for the upper acyl chain and choline resonances. Although interpretation of the 1 H NMR MAS data is complicated by factors such as the dynamic nature of the interface, the inequivalence of the different tryptophans of WALP, and the inequivalence of the sn-1 and sn-2 acyl chains, the chemical shift changes nevertheless point to a situation in which, as seen from the bilayer core, the indole side chains are preferentially located higher than the C 3 H 2 and C 2 H 2 chain methylenes, approximately at the same level as the glycerol group and below the choline moiety. For the three WALP analogues, the slightly larger Trp-specific changes of the C 2 H 2 chain protons as opposed to the choline protons suggest that the Trp side chains are located slightly closer to the former group, that is, in the lipid carbonyl region.
Within this overall chemical shift change pattern, some interesting trends can be observed. The displacement of the N(CH 3 ) 3 and CH 2 ( ) resonances, but not of the CH 2 (R) resonance, is of comparable magnitude to the chemical shift change of the C 3 H 2 and C 2 H 2 methylenes. This probably reflects an arrangement of the choline segment, which, connected to the glycerol group at the CH 2 (R) position, is oriented roughly parallel to the bilayer surface instead of pointing toward the aqueous phase (35) . Furthermore, for the different WALP analogues, large Trp-specific effects are observed for the same lipid moieties, despite the considerable differences in peptide length, demonstrating that the Trp residues prefer to localize at a defined position within the interface. The system rearrangements required to obtain this preferential localization under positive mismatch conditions involve, as discussed, ordering of the lipid acyl chains (Table  2; These NMR data on preferential indole location are consistent with fluorescence measurements on a large set of WALP/PC combinations, for which the Trp emission spectra are all characterized by a broad maximum around 337 nm, typical for a relatively deep interfacial partitioning of the Trp rings (23) . Also, the locations of small water-soluble compounds that mimic the Trp side chain have been investigated in model membranes using fluorescence quenching methods (12) and lipid-directed and analogue-directed NMR studies (36, 37) . These methods confirm that membraneassociating water-soluble small Trp analogues are positioned at the polar-apolar interface close to the lipid carbonyls.
This affinity can most likely be attributed to numerous factors that give the indole ring a pronounced amphipathic character, such as dipolar interactions, imino group hydrogen bonding, and cation-π interactions, whereas the rigidity of the aromatic ring system might also play a role (25, 36) .
Flanking Residues and Membrane-Associating Properties of Transmembrane Peptides. For a large series of WALP analogues in a range of PC lipids, the extent of peptide incorporation correlates with the extent of peptide-bilayer mismatch (23) . The observation that WALP 16 26 can be fully accommodated in a 14:0-PC bilayer, whereas WALP27 cannot (23) , implies that Trp-flanked peptides can associate well with PC membranes only when an interfacial position for the Trp residues can be realized on both sides of the bilayer. When the extent of "interfacial mismatch" with the bilayer is relatively small, the lipid acyl chain conformation (20) , peptide tilt (23, 38) , and local ring orientation (this study; see also ref 39) may adapt so that the Trp indole rings are located near the lipid carbonyl region.
In contrast to the behavior of Trp-flanked analogues, the extent of incorporation of Lys-flanked peptides is not reduced when the peptides are relatively long (17, 18, 22) . Even the Lys-flanked KALP31, with a hydrophobic length of at least 37.5 Å, fully associates with a 14:0-PC bilayer and exhibits behavior similar to that of the considerably shorter KALP23 (23) . The results suggest that for relatively long Lys-flanked polyleucine/alanine peptides, the extent of peptide/bilayer hydrophobic mismatch is not of prime consideration. The general concept is in agreement with the behavior of Trpflanked peptides, for which the position of the Trp residues is more important than the length of the hydrophobic segment, under conditions of both positive and negative mismatch. When relatively short with respect to hydrophobic bilayer thickness, Lys-flanked analogues also induce compensating bilayer rearrangements (22) . Unlike Trp-flanked peptides, the membrane-association properties of Lys-flanked peptides are, therefore, most likely influenced predominantly by a necessity to avoid exposure of the flanking side chains to the relatively hydrophobic membrane interior. The deepest acceptable membrane position for an uncompensated charged amino group of Lys is possibly around the lipid phosphate region (22) .
Differences in the properties between Trp-flanked peptides and Lys-flanked peptides are also highlighted by H/D exchange kinetics for peptides in unilamellar vesicles. For WALP23 analogues only two more hydrogens undergo rapid exchange than for WALP16 (Table 3) . After longer incubation times, the total exchange increases, but the difference in the number of protected hydrogens between the two peptides remains similar and correlates with the number of protected peptide bonds between the inner Trp residues. For the KALP peptides, no such scaling of the protected length with the inter-lysine distance was observed. Although there is a considerable difference in hydrophobic length between KALP23 and KALP31, after prolonged incubation times, they exhibit similar numbers of protected hydrogens (Table  3) . Because this number is the same as observed for WALP16, it most likely represents the number of hydrogens that are firmly protected in an R-helical segment, which would span an unperturbed 14:0-PC bilayer. The isotope exchange data thus support the conclusion that KALP peptides with long hydrophobic segments can be stably integrated into relatively thin bilayers without experiencing a significant positive mismatch.
Conclusion. Different and diverse approaches indicate that Trp indole rings of membrane-spanning peptides anchor to the polar-apolar interface. The extent of matching of the peptide hydrophobic length with the thickness of the PC bilayer is not the primary determinant for the peptide-lipid interactions in WALP systems, but rather the tendency for the Trp indole rings to be positioned near the lipid carbonyl groups. On the basis of the similar effects on lipid conformation and H/D exchange kinetics of Trp-and Tyr-flanked peptides (25, 40) , this principle might apply also to Tyr residues. We anticipate, nevertheless, that the relative contributions of interfacial anchoring and hydrophobic (mis)-match to protein-bilayer interactions will depend on the precise composition of the bilayer lipids and the transmembrane protein segment. For example, for transmembrane segments with a hydrophobicity exceeding that of a polyLeu/ Ala stretch, hydrophobic matching requirements could overrule interfacial anchor requirements, and interfacial anchor requirements may be less stringent when the flanking residues have an aromatic ring system smaller than Trp. However, the average hydrophobicity and the number of flanking aromatic residues of the WALP analogues, especially of the peptides that have only two aromatic residues in total, should approximate the composition of the transmembrane segments of a significant fraction of membrane proteins.
